The structure of animal communities has long been of interest to ecologists. Two different hypotheses have been proposed to explain origins of ecological differences among species within present-day communities. The competition-predation hypothesis states that species interactions drive the evolution of divergence in resource use and niche characteristics. This hypothesis predicts that ecological traits of coexisting species are independent of phylogeny and result from relatively recent species interactions. The deep history hypothesis suggests that divergences deep in the evolutionary history of organisms resulted in niche preferences that are maintained, for the most part, in species represented in present-day assemblages. Consequently, ecological traits of coexisting species can be predicted based on phylogeny regardless of the community in which individual species presently reside. In the present study, we test the deep history hypothesis along one niche axis, diet, using snakes as our model clade of organisms. Almost 70% of the variation in snake diets is associated with seven major divergences in snake evolutionary history. We discuss these results in the light of relevant morphological, behavioural, and ecological correlates of dietary shifts in snakes. We also discuss the implications of our results with respect to the deep history hypothesis.
INTRODUCTION
The structure of animal communities has been of interest to ecologists for more than half a century and is central to understanding why there are so many species (Andrewartha & Birch, 1954; Hutchinson, 1959) . Ongoing species interactions, primarily competition and predation, dominated explanations during much of the 20th Century (Pianka, 1973; Cody, 1974; Schoener, 1974; Morin, 1983) . The notion that presentday community structure might reflect species' interactions in the past was introduced by G. E. Hutchinson (Hutchinson, 1959) but not fully appreciated until phylogenetics merged with ecology, allowing researchers to identify major shifts in ecological traits of entire clades (Cadle & Greene, 1993; Losos, 1994; Webb et al., 2002) . Using phylogenies to analyze ecological traits, researchers have identified ecological shifts within and among major clades of organisms (Melville, Schulte & Larson, 2001; Glor et al., 2003; Vitt et al., 2003; Vitt & Pianka, 2005) , demonstrating that some ecological traits have deep historical origins. We now know that much of the structure of some present-day communities, with the exception of island communities (Losos et al., 1998) , results from the ability of species with deep historical roots to coexist (Vitt, Zani & Espósito, 1999; Vitt & Pianka, 2005) .
Two very different hypotheses have been proposed to explain the origins of ecological differences among species within present-day communities. The first hypothesis centres on recent effects, as closely-related taxa diverge to partition available resources in response to shifts in resource availability, inter-specific competition or predation (competition-predation hypothesis). According to the competition-predation hypothesis, species interactions drive the evolution of divergence in resource use and niche characteristics (food, time, and microhabitat) among species in local assemblages. This hypothesis predicts that ecological traits of coexisting species are independent of phylogeny and that major shifts in niche preference result from interactions among species within present-day assemblages. This hypothesis has been suggested to explain local community structure of Amazonian snakes (Henderson, Dixon & Soini, 1979) .
The second hypothesis (deep history hypothesis) suggests that divergences deep in the evolutionary history of organisms (rather than recent effects) resulted in sets of ecological traits (or niche preferences) that are maintained for the most part in species represented in present-day assemblages (Vitt & Pianka, 2005) . The deep history hypothesis posits that ecological traits of coexisting species can be predicted based on phylogeny regardless of the community in which individual species presently reside. For example, just five divergences in the evolutionary history of lizards (nonsnake squamates) account for 80% of the variation among clades in diets (Vitt & Pianka, 2005 . Other major ecological traits can be traced to origins deep in the evolutionary history of squamates (Vitt et al., 2003) .
In the present study, we test the deep history hypothesis along one niche axis, diet, using snakes as our model clade of organisms. Snakes are gape-limited predators, and are best known because of the diversity of vertebrate prey that they consume (Shine, 1991; Greene, 1997) . Many snakes, however, feed on invertebrate prey (Webb & Shine, 1993; Webb et al., 2000) , and a large number of species are dietary specialists. Snakes presumably originated in the Mesozoic (Jiang et al., 2007) and occur on all continents except Antarctica (Greene, 1997). They comprise the largest clade within squamate reptiles (Serpentes, with over 3100 species) and occupy almost every habitat in the world, including deserts, tropical and temperate forests as well as grasslands, freshwater (streams, rivers, lakes), and the oceans (Shine, 1991; Greene, 1997; Pough, 2001; Vitt & Caldwell, 2008) . Historical shifts in snake diets probably resulted in adaptive radiations contributing to the diversity of snake species observed in present-day snake assemblages. Dietary divergence is often correlated with shifts in morphology (Schluter & Grant, 1984) , behaviour (Fryer & Iles, 1972) , and ecology (Smith et al., 1978) .
MATERIAL AND METHODS

SNAKE DIET DATA
Dietary data were collected from available literature for 196 species of snakes, including representatives from all ecological biomes and all six continents that contain snakes (see Supporting Information, Appendix S1). Representatives of all major clades and subclades were included. Our approach was to compile dietary data for snake species representing both ecological and phylogenetic diversity. For dietary analyses, we identified 34 discreet prey categories, varying from fish eggs to large vertebrates. These comprised: lizards, mammals, anurans, birds, fish, snakes, amphibian eggs, reptile eggs, bird eggs, crustaceans, gastropods, annelids, caecilians, chilopods, salamanders, amphisbaenians, carrion, tortoises, crocodilians, fish eggs, invertebrate eggs, diplopods, coleopterans, neuropterans, arachnids, unidentifiable hexapods, isopterans, dermapterans, lepidopterans, dipterans, hemipterans, orthopterans, hymenopterans, and other arthropods. Many studies contained quantitative data on prey items, often identified to species. However, some studies placed prey into broad categories (e.g. frogs, lizards, birds, and mammals). Some studies provided data on the kinds of prey eaten but with no quantitative measure of relative proportions of each prey category. Because of this great variation in quality of data among published papers, we used the presence or absence for the analyses. The advantage is that we can include a large number of snake taxa in our analyses. The disadvantage is that we lose some dietary resolution and, as a result, our analysis provides a conservative estimate of dietary divergence among snake clades.
PHYLOGENETIC RECONSTRUCTION
We constructed a phylogenetic hypothesis for the relationships of the 196 snake species based on several recent studies representing a balanced view of snake evolutionary history (Heise et al., 1995; Kraus & Brown, 1998; Burbrink, Lawson & Slowinski, 2000; Vidal et al., 2000 Vidal et al., , 2007 Wilcox et al., 2002; Lawson et al., 2005; Vidal & Hedges, 2005; Zaher et al., 2009) . We included studies that used nuclear genes, mitochondrial DNA, and morphological characters to construct the phylogenetic hypothesis. Parsimony, maximum likelihood, nonparametric bootstrapping, Neighbour-joining, and Bayesian analysis produced highly supported phylogenetic relationships in most instances. Our assumption in the subsequent analyses is that this phylogeny accurately represents the best available reconstruction of the evolutionary history of snakes.
STATISTICAL ANALYSIS
We used canonical phylogenetic ordination, CPO (Giannini, 2003) , a method derived from canonical correspondence analysis (Ter Braak, 1986) , to test the hypothesis that an association exists between snake evolutionary history and snake diets. CPO is a constrained ordination method that associates a dependent matrix (diet in this case) with an independent matrix (phylogeny) maximizing the correlation between the two datasets. The significance of the association is then determined by comparisons with null models generated by Monte Carlo simulations. The goal of the analysis is similar to a Mantel test, in the sense that a relationship between two matrices is established. However, CPO detects variation overlooked by Mantel test and assigns significance to shifts in dependent variables associated with each divergence point in the phylogeny, rather than producing a significance value across the entire tree (Giannini, 2003) . For detailed information on the method and some applications please refer to (Giannini, 2003; Vitt & Pianka, 2005; Werneck, Colli & Vitt, 2009 ).
We used presence-absence data in our diet matrix, where '1' indicated the presence and '0' indicated the absence of the prey item in the diet. Because snake body size can affect size (and presumably type) of prey ingested (Shine & Thomas, 2005) , we used maximum snout-vent length for each snake species as a covariate in our analysis to minimize the effect of body size. The analysis was performed using CANOCO, version 4.53 (Ter Braak & Smilauer, 2002) . Monte Carlo permutation tests were performed in stepwise analysis on each clade using 9999 permutations. Symmetric scaling and unimodal methods were used, and rare prey categories were downweighted. Each clade was tested one at a time manually to obtain F-and P-values. After each clade was tested, significant clades were included in the model and the subsequent clade that most reduced the variance was tested and included if statistically significant (P < 0.05).
RESULTS
Snakes used in our analysis ate a wide diversity of prey that varied in size from small social insects (e.g. termites and ants) to large mammals and reptiles. More than 20% of the 181 species of alethinophidian snakes (referred to as advanced, nonblind snakes) ate lizards, mammals, frogs, birds, fish, and snakes, with more than half eating lizards (Table 1 ). Almost 70% of the variation in diets among snake clades is associated with seven major divergences in snake evolutionary history (Fig. 1 , Table 2 ). No scolecophidians (blind snakes) ate vertebrates. All ate insects and their eggs, with some eating spiders, centipedes, and millipedes.
The most ancient divergence in snake evolutionary history, the blind snake/advanced snake divergence, accounted for almost 25% of the dietary divergence. Although blind snakes and advanced snakes typically separate in spatial niche space (all blind snakes are fossorial whereas most modern snakes are terrestrial or arboreal), they are often found in the same geographic regions (Martins & Oliveira, 1998; França & Araújo, 2007; França et al., 2008) . The next six clades contributing to significant dietary divergences are, in rank order, Leptotyphlopidae, Homalopsinae, Natricinae, Aparallactinae, Tachymenini, and Pareatinae (Table 2) . Five other clades, Viperidae, Colubrinae, Dipsadinae, Boidae, and Elapinae, are significant contributors to dietary variation but each explains less than 3% of the total dietary divergence. Advanced snakes as a group are distributed directly opposite to blind snakes across a gradient of prey types varying from vertebrates to arthropods (Fig. 2) . It is also shown that natricines and homalopsines are strongly tied to the frog-salamander-fish end of a vertebrate prey gradient that extends from terrestrial vertebrates to aquatic vertebrates and gastropods. Tachymenini and pareatine snakes are weakly associated with the aquatic end of the vertebrate prey gradient, whereas aparallactine snakes are weakly associated with the terrestrial vertebrate portion of the vertebrate prey gradient.
A plot of snake species scores on the two canonical axes describing dietary variation reveals just how extreme blind snakes are compared to advanced snakes (Fig. 3) . Most species of blind snakes feed primarily on larvae and pupae of termites and ants, with species of leptotyphlopids feeding on some other arthropods as well. Relatively few advanced snakes have exploited the high prey diversity and abundance of arthropods. Within advanced snakes, natricines and homalopsines have independently converged to feed on aquatic vertebrate prey, including frogs, salamanders, and fishes, whereas most remaining advanced snakes feed primarily on terrestrial vertebrates, including birds, mammals, reptiles, and some amphibians. A few have specialized on gastropods (Fig. 3) .
DISCUSSION
Although the origin of snakes within squamate reptiles remains uncertain, Serpentes is clearly a monophyletic clade that arose in the Mesozoic Era, diverging into the two major clades, Scolecophidia (blind snakes) and Alethinophidia (advanced snakes), probably during the Hauterivian of the early Cretaceous, approximately 133 Mya (Caldwell & Lee, 1997; Caprette et al., 2004; Burbrink & Pyron, 2008) . More than 500 species of blind snakes are known, comprising three ecologically similar families (Greene, 1997) . By contrast, advanced snakes have diversified into more than 2300 species (approximately 80% of all extant snakes) in thirteen or more families, with species occupying almost all imaginable microhabitats in temperate and tropical regions of the world SNAKE DIETARY SHIFTS 3 (Shine, 1991; Greene, 1997) . We first discuss dietary divergences detected in our analysis. We then discuss the relevant morphological, behavioural, and ecological correlates of dietary shifts in snakes. Finally, we discuss our results in light of the deep history hypothesis.
DIETARY DIVERGENCES
Our analysis of snake diets indicates that significant dietary shifts occurred deep within snake evolutionary history, a pattern similar to that described for squamate reptiles typically referred to as 'lizards' (Vitt et al., 2003) . Blind snakes eat small invertebrates, most of which are social insects and their larvae (Webb & Shine, 1993; Webb et al., 2000) . These snakes inhabit nests of social insects, usually but not always underground, and occasionally eat other arthropods, probably within social insect nests. They do not eat a variety of other invertebrates that are common underground but usually not associated with social insect nests (e.g. earthworms, cicada larvae, and scarabeid beetle larvae). By contrast, advanced snakes eat a wider range of prey types varying from (Table 2 ).
invertebrates to large vertebrates. None specialize on adults, larvae or pupae of social insects. Advanced snakes that do specialize on invertebrates (small prey relative to head size), such as the Aparallactinae, tend to specialize on invertebrates such as centipedes, although some species also eat amphisbaenians and earthworms (Gower & Rasmussen, 2004) . The Aparallactinae is located closest to the origin in Figure 2 , suggesting that its dietary preference is not strongly associated with a particular group of prey.
MORPHOLOGICAL CORRELATES OF DIETARY DIVERGENCE
The present study shows that dietary divergence within a clade may be an evolutionary first response to morphological adaptations. The transition from small (relative to body size) invertebrate prey types (blind snakes) to large prey types (advanced snakes) is associated with a wide range of changes in morphology. Blind snakes have relatively rigid nonkinetic skulls, whereas advanced snakes have toothed palatopterygoid jaw arches and a highly kinetic lower jaw (Kley, 2006; Vincent et al., 2006) . Rigid nonkinetic skulls of blind snakes limit the size of prey that can be consumed. The highly kinetic skull of advanced snakes, along with independence of lower jaws resulting from a lack of an anterior symphysis, allows them to feed on much larger prey (relative to head size) using a ratcheting motion of the lower jaws, effectively pulling the prey down the snake's throat. Alternatively, recent studies have suggested that the morphology of blind snakes might comprise a highly derived specialization for fossoriality and/or a diet based on ants and termites (Kley, 2006; Rieppel, Kley & Maisano, 2009 ). Clades are ranked by the amount of variation explained at each node. Although significance drops off after the seventh clade, a few clades lower in the ranking attain significance. However, the portion of total variance explained by each of these is minimal (less than 2.5% for each one).
BEHAVIOURAL CORRELATES OF DIETARY DIVERGENCE
An obvious behavioural consequence of dietary divergence comes from the fact that, within advanced snakes, several different modes of prey detection and capture have evolved, including possibly multiple origins of venom delivery systems (Fry et al., 2008) . Chemosensory systems have been shown to evolve to detect specific prey types and are most effective at detecting current prey (Cooper, 2008) . Even though all snake species utilize chemosensory systems to find prey (Halpern, 1992) , the diversity of prey eaten by advanced snakes suggests that chemosensory systems have likely diverged in response to historical dietary shifts. Some advanced snakes, such as pitvipers (e.g. Crotalus, Bothrops, and Trimeresurus), which employ a sit-and-wait foraging mode, use chemosensory cues to detect ambush sites and then use infra-red sensory systems to detect passing prey (Clark, 2002 (Clark, , 2004 . Other advanced snakes such as racers (e.g. Coluber, Masticophis, and Chironius), which employ an active foraging mode, use vision to locate prey and chemical cues to discriminate prey (Greene, 1997; Mullin & Cooper, 1998) . Blind snakes have reduced eyes without the ability to simply locate prey visually (Greene, 1997) and lack infra-red sensory systems (Greene, 1997).
ECOLOGICAL CORRELATES OF DIETARY DIVERGENCE
The most obvious ecological correlate of the dietary shift from subterranean insects to largely terrestrial and aquatic vertebrates is the shift from a fossorial lifestyle in blind snakes compared to the much more diverse range of lifestyles found within advanced snakes. Blind snakes occupy a relatively narrow niche globally, with all species living within subterranean (and occasionally, arboreal) social insect nests. The results obtained in the present study clearly reveal that snakes in the Scolecophidia almost exclusively exploit a resource not used by advanced snakes Biplot from a phylogenetic ordination based on canonical correspondence analysis (CCA) relating snake phylogeny (arrows) to snake diets (triangles). Canonical axes represent linear combinations of diet to snake phylogeny. Arrows represent correlations of phylogeny with axes and arrow length represents the strength of the relationship. Snake diet items are weighted averages of each species scores. The first canonical axis accounts for 32.5% and the second canonical axis accounts for 31.3% of total variation. Diet items (triangles) close to the graph centre (0, 0) indicate either low association with any snake clade (arrows) or a positive association with a specific combination of all snake clades. Diet items displayed in the periphery of the graph indicate either high association with a specific snake clade or an occasional association, particularly for those clades with low occurrence (Ter Braak & Smilauer, 2002 The results of the present study demonstrate that major dietary shifts occurred early in snake evolutionary history, therefore supporting the deep history hypothesis. However, these results do not rule out the potential role of competition and predation in the structure of local communities. Examination of local communities alone has little exploratory power in ecology and evolutionary biology (Ricklefs, 2008) . The field of phylogenetic community ecology provides a framework to study the relative contribution of competition and habitat filtering in community structure (Webb et al., 2002; Chazdon et al., 2003; Anderson, Lachance & Starmer, 2004) . A necessary first step is to examine the distribution of ecological characters among species on an independently derived phylogeny. Three possible scenarios exist: (1) ecological characters evolved randomly in the group (i.e Brownian motion), in this case sister species will tend to share some degree of ecological similarity (phylogenetic inertia); (2) ecological characters will tend to be more similar than expected under a random walk model (niche conservatism), in this case sister species are very similar to each other ecologically; and (3) ecological characters are more different than expected by a random walk model, in this case sister species will have very different ecological strategies (niche evolution). With this information in hand, it is possible to explore how the local community composition reflects the regional species pool (Webb et al., 2002) . Again, Three possibilities exist: (1) the local community is a random subset of the regional species pool; (2) the local community is a subset of closely related species (phylogenetic clustering); and (3) the local community is a subset of distant related species (phylogenetic overdispersion). The interplay of these two factors will determine the relative contribution of the two processes on shaping community structure (Webb et al., 2002; Cooper, Rodriguez & Purvis, 2008) . For example, in groups that show niche conservatism if the local community is assembled as a subset of closely-related species (phylogenetic clustering), this would be evidence for habitat filtering playing a role in structuring the local assemblage, whereas, if the local community is assembled by a subset of distant related species, this would be evidence that competition played a role in structuring the local assemblage (Webb et al., 2002) . A recent study showed that phylogenetic overdispersion is a common tendency for mammalian communities (Cooper et al., 2008) . However, that same study did not assess whether any ecological trait of coexisting species was related to the phylogeny (e.g. phylogenetic overdispersion would not be an evidence of competition if a given niche characteristic were not related to phylogeny). Overall, phylogenetic structure and ecological interactions may both act to determine community structure (Kraft, Valencia & Ackerly, 2008; Werneck et al., 2009) . The challenge remains in identifying the relative contribution of these two major forces in different organisms, regions, and specific traits (Kembel, 2009 ). Our analysis reveals that snake diets are associated with ancient events in the evolutionary history of the group. Future studies should focus on whether or not local snake communities around the world are composed of random subsets (i.e. not clustered or overdispersed) of the regional species pool. CAVEAT Similar to recent studies on nonsnake squamates (lizards), the present analysis shows that a major ecological trait of snakes, the food they eat, has shifted during the evolutionary history of the clade, and that many present-day species simply eat what their ancestors ate, regardless of where they now live. Unlike studies on lizards, in which quantitative and comparable data were available on relative proportions of prey categories in the diets of many species (Vitt & Pianka, 2005 , the present study was constrained to presence-absence data in constructing our prey matrix for analyses. Effectively, this renders a specialist that might occasionally eat something different as a generalist, relatively speaking. As a consequence, our analysis misses many potential dietary shifts that would be detected with quantitative data and is thus conservative. In addition, reconstruction of the evolutionary relationships of squamates, including snakes, is in a state of flux, as new techniques, additional genes, better analyses, and better taxon sampling are applied. The phylogeny used in the present study was based on current available published analyses and is likely to change as more data and better analyses are used. Nevertheless, we are confident that the major dietary shifts identified in the present study will hold.
